A regulatory network of proteins has been identified that participates in DNA damage checkpoint signaling. Central to this network is the ATM protein, the product of the gene mutated in the human disease ataxia-telangiectasia (Savitsky et al., 1995). Ataxia-telangiectasia (A-T) , 1996). In all organisms, G2 phase delay. These surveillance mechanisms are the mechanisms by which S phase entry is prevented essential to maintain the integrity of the genome. They in an ATM/Mec1/Rad3-dependent fashion are poorly ensure that damaged DNA templates are neither repliunderstood. cated nor segregated to the daughter cells until repaired.
damage induces p53-dependent apoptosis rather than cell cycle delay (Carr, 2000) . It is therefore not surprising that p53-independent checkpoint signaling following DNA damage operates in mammalian cells at the onset of and throughout S phase ( Little is known about the molecular step(s) that must be blocked to prevent replication initiation in the presence of DNA damage. The initiation of DNA replication in eukaryotes requires the assembly of a prereplicative complex (pre-RC) on chromatin. The pre-RC is formed by the stepwise assembly of the origin recognition complex (ORC), the loading factor Cdc6, the putative replicative helicase mini chromosome maintenance proteins (MCMs), and Cdc45 (Stillman, 1996; Newlon, 1997), which subsequently allows polymerase loading (Mimura and Takisawa, 1998). Initiation also requires the concerted activity of the cell cycle-regulated protein kinases Cdk2/CyclinE, PKA, and Cdc7/Dbf4 Cell-free systems derived from Xenopus eggs have been widely used to elucidate the biochemical bases of cell cycle transitions. They have been especially powerful in probing the regulation of entry into S phase and into mitosis. In such systems, G2 cell cycle checkpoint activity is monitored by the inhibition of nuclear envelope breakdown following experimental interference Unfertilized Xenopus eggs were crushed at 10,000 ϫ g. The resulting
We have designed a cell-free system to study the DNA CSF-arrested low-speed supernatant was treated with cyclohexidamage checkpoint that prevents S phase entry. We in different combinations with 6-DMAP chromatin for 15 min, and replication was monitored in 6-DMAP extracts.
Results
To activate the DNA damage checkpoint, the extract DNA Damage Checkpoint Inhibition of S Phase was incubated with DNA molecules containing DSBs.
Entry in a Cell-Free System
Purification of the treated extract yields two fractions To recapitulate cell cycle checkpoint response to DNA corresponding to M and B, designated M* and B*, which damage at the onset of S phase, we modified a cell-free were tested for their ability to support replication initisystem designed to study initiation of DNA replication ation. (Chong et al., 1997). In this system, interphase Xenopus DNA containing DSB was obtained by digesting douegg extracts are subjected to ultracentrifugation folble-strand circular plasmid with various restriction enlowed by sequential PEG precipitation (Figure 1 and zymes to yield blunt-ended fragments or fragments with Experimental Procedures). Two fractions (M and B) are 3Ј or 5Ј overhangs ( Figure 2B and data not shown). obtained. Both fractions are required to initiate repliAlternatively, bacteriophage DNA was digested with cation of chromosomal DNA assembled in an initiarestriction enzymes to generate increasing numbers of tion-incompetent extract prepared in the presence of DNA fragments ( Figure 2C ). Both broken and intact DNA 6-dimethylaminopurine (6-DMAP) (Figure 2A ). M conmolecules sedimented during the first ultracentrifugatains MCM proteins, the putative replicative DNA helition step of the fractionation procedure ( Figure 1 ) and case, whereas B is required for the loading of MCMs were discarded. The M* and B* fractions were essentially onto chromatin and for activation of the pre-RC (Chong free of DNA as determined by colorimetric assay and by gel electrophoresis (data not shown). et al., 1995).
To determine which fraction was inactivated by fragmented DNA, we assembled the initiation reaction using M* and B (M*/B) or M and B* (M/B*). Figure 3A shows that M*/B supported DNA replication, but M/B* did not. This indicates that fraction B* is inactive in the initiation assay. The inactivity of B* might reflect the presence of an inhibitory signal. Alternatively, the fragmented DNA might titrate a factor(s) required for replication initiation. To distinguish between these possibilities, we mixed B, B*, and M fractions (M/B/B*) and monitored DNA replication. The presence of B* inhibited DNA replication more than 90% compared to a control reaction (M/B). We conclude that B* contains a dominant inhibitory signal ( Figure 3B ). The failure of B to complement rules out the possibility that B* is depleted for an essential factor.
X-ATM Is Required for S Phase Entry Checkpoint Signaling
We investigated whether the ATM protein kinase played a role in this checkpoint pathway. The 370 kDa Xenopus ATM (X-ATM) protein is expressed maternally and present in egg extracts (Robertson et al., 1999). We first traced the partitioning of X-ATM during the fractionation procedure using specific anti-X-ATM antibodies (Experimental Procedures). We found that X-ATM was present exclusively in the B fraction ( Figure 3C ). Interestingly, when the interphase extract was incubated with fragmented DNA prior to fractionation, some X-ATM cosedimented with the DNA during ultracentrifugation. In contrast, no X-ATM was present in the pellet obtained from ously the involvement of X-ATM, we fractionated an incubated with chromatin isolated from an extract interphase extract that was preincubated with affinitytreated with 6-DMAP to permit the efficient unpacking purified anti-X-ATM antibodies and fragmented DNA. of the highly condensed sperm chromatin. After incu-
The resulting M* and B* fractions were fully active in bation, the mixture was supplemented with initiationsupporting replication initiation. We conclude that sigincompetent extract to permit replication elongation. naling induced by damaged DNA depends on X-ATM DNA replication was monitored by incorporation of ( Figure 4B ). ␣ We determined whether the inhibition of Cdk2/CyclinE activity and of DNA replication was due to tyrosine 15 phosphorylation. We reasoned that if tyrosine 15 phosCheckpoint Activation Inhibits Cdk2 Protein Kinase phorylation was the major mechanism by which Cdk2 The assembly of Cdc45 into pre-RC is thought to depend kinase activity was inhibited, a nonphosphorylatable upon Cdk2 activity (Mimura and Takisawa, 1998; Zou form of Cdk2 at the inhibitory sites (Cdk2AF) should be and Stillman, 1998). The influence of fragmented DNA refractory to checkpoint signaling. We added recombion Cdk2 kinase was assayed in the various fractions nant Cdk2WT/CyclinE (wild-type Cdk2) or Cdk2AF/ described in Figures 3 and 4 
Cdk2 Activity Is Inhibited by Tyrosine 15 Phosphorylation
Cyclin-dependent kinase activity is regulated by a variety of mechanisms, including association with cyclin, phosphorylation of the catalytic subunit, and binding of inhibitory proteins. We determined the mechanism by which Cdk2 was downregulated following checkpoint activation. Cdk2 is found associated with Cyclin E in interphase Xenopus egg extracts (Rempel et al., 1995). The total levels of both Cdk2 and Cyclin E proteins in the various fractions were unaffected by checkpoint ac- analysis with anti-Xic1 antibodies. As expected for a egg cell-free system described above, DNA damage activates a checkpoint that prevents S phase entry. Although titration of replication factor(s) by fragmented DNA has been reported in other systems (Wang et al., 1999), we find instead that a dominant factor inhibits DNA replication initiation in our extracts. First, the fragmented DNA that elicits checkpoint signaling in the "sensing" extract is precipitated by ultracentrifugation and is absent from the replication extract. Second, the replication extract contains all the proteins required for replication and has not been exposed to fragmented DNA. Third, the B* fraction that contains the signaling component is dominant to B; a reaction mixture containing B/B*/M fails to support replication. Fourth, signal generation requires incubation of the extract with fragmented DNA. Fifth, the inhibitory factor is absent in B* prepared in the presence of caffeine, wortmannin, or X-ATM antibodies. These observations argue against titration of an essential factor by fragmented DNA. Instead, our cell-free system represents a true ATMdependent checkpoint pathway and reports the reconstitution of a DNA damage checkpoint in vitro.
Interestingly, the continuous presence of damaged DNA is not required for sustaining checkpoint signaling. This supports the idea that the dominant modification induced in B* by DNA damage is stable throughout the fractionation procedure and replication assay. To induce the checkpoint signal, we used small doublewas refractory to checkpoint signaling and restored DNA stranded DNA templates generated by restriction endoreplication to M/B levels, while Cdk2WT/CyclinE did not nuclease digestion of either plasmid or DNA. At a restore DNA replication ( Figure 6C ). When added in a 10-constant mass of 10 ng/l, the checkpoint was activated fold excess over the endogenous levels, recombinant at a threshold of 18-28 10 8 ends/l. In budding yeast, Cdk2WT/CyclinE was able to overcome the inhibition a single DSB generated in an artificial chromosome can due to checkpoint signaling and restored DNA replicainitiate the DNA damage checkpoint response. It is protion (data not shown). In these conditions, the replication posed that the checkpoint signal in yeast is triggered competence of the reconstituted extract correlated with by single-stranded DNA generated by exonucleolytic the binding of Cdc45 to chromatin ( Figure 6E) . degradation at the site of the DSB (Lee et al., 1998). We Next we measured the ability of Cdc25 to reverse did not detect changes in the concentration of DSBthe inhibitory effect of the checkpoint and restore DNA containing DNA following signaling in the extract as replication. We added recombinant Xenopus Cdc25A/ measured by colorimetric assay (data not shown). Using WT (wild type), Cdc25A/C432A (a catalytically inactive gel electrophoresis, we did not observed detectable Cdc25A), or Cdc25C/WT to M*/B* fractions (Izumi et al., changes in the sizes of the DNA fragments following 1992; Kim et al., 1999). Wild-type Cdc25A, but neither signaling (data not shown). Therefore, we believe that inactive Cdc25A/C432A nor Cdc25C/WT, was able to activation of the checkpoint pathway does not involve abrogate the checkpoint and restore DNA replication extensive processing of the DSBs. However, we cannot ( Figure 6D ). The end point of the DNA damage checkrule out that small modifications, such as limited propoint pathway thus appears to be the phosphorylation cessing of the ends, are taking place. Nonetheless, our and inactivation of Cdk2 kinase. results establish that DSBs are the signal that elicits the checkpoint response rather than other types of DNA Discussion lesions or free radical molecules produced following exposure of cells to ionizing radiation. Our observation that a fraction of the X-ATM cosediments with fragReconstitution of a DNA Damage Checkpoint In Vitro Initiation and elongation of DNA replication are complex, mented but not with intact DNA is consistent with the idea that ATM bound to DNA ends may induce the multistep processes that require the assembly and the activity of a large number of proteins. In the Xenopus checkpoint pathway. Purified ATM has been shown to in Xenopus embryos cannot be detected until after the and to characterize the responsible protein-DNA intermidblastula transition and, second, the cell-free system actions.
we describe contains cycloheximide and cannot support protein synthesis. Xenopus eggs and extracts do contain p53; however, we cannot exclude a nontranscriptional function for p53.
The Checkpoint Response Is Rapid
The signaling pathway described above prevents S Signaling following DNA damage must act rapidly to phase entry in 15 min. This represents the time necesprevent the replication of damaged templates at the sary for fragmented DNA to induce inhibition of Cdk2/ onset of S phase. The signal must also persist to allow CyclinE. Thus, this checkpoint entails only posttranslafor repair of the damage to be coordinated with cell cycle progression. In vertebrates, a major DNA damage tional protein modification and is, in principle, readily et al., 2000) . Finally, the RDS We did not observe alterations in the binding of Cdc7 to chromatin following activation of the DNA damage phenotype we reconstituted in vitro is not only reminiscent of the ATM cellular phenotype but also of that checkpoint. In addition, we have shown that the replication defect associated with DNA damage checkpoint of ATLD (ataxia-telangiectasia-like disease) phenotype. ATLD cells harbor mutations in the hMRE11 gene but activation could be fully rescued by addition of Cdk2/ CyclinE protein kinase. display normal p53 activation (Stewart et al., 1999) . Taken together, these observations suggest that a
We showed that downregulation of Cdk2/CyclinE by phosphorylation on tyrosine 15 was necessary to precheckpoint similar to the one we describe in Xenopus cell-free extracts may operate in mammalian cells.
vent DNA replication following DNA damage. First, changes in the levels of endogenous Cdk2 protein kiInhibition of X-ATM was sufficient to abrogate the checkpoint and to restore DNA replication to levels siminase activity followed exactly the changes in levels of DNA replication in all experimental conditions tested. lar to controls. This suggests that ATM is the major protein operating in this pathway and allows us to rule Second, 2-fold overexpression of recombinant Cdk2AF/ CyclinE, but not Cdk2WT/CyclinE, could rescue the abilout possible redundancy between ATM and ATR in the response to DSB-containing DNA. We cannot rule out, ity of an extract with an activated checkpoint to undergo DNA replication. Third, addition of recombinant Cdc25A however, that ATR might function in a linear path with Cdk2AF mutant was generated by PCR using a 59-mer 5Ј mutagenic primer complementary to the 5Ј region of hCdk2 ORF containing sucrose. Chromatin was then pelleted at 6000 ϫ g for 15 min at 4ЊC base subsitutions replacing threonine 14 by alanine, and tyrosine
